Abstract -The objective of this work was to test a new methodology to assess the resistance of trees to wind damage and determine the characteristics that increase clone resistance to winds. Tree resistance to breakage, basic density, ultrastructure, anatomy, mechanical properties, and wood growth stress have been evaluated in seven Eucalyptus grandis × Eucalyptus urophylla clones, collected from a region with a high incidence of wind damage. The Pearson correlation coefficient between the tree resistance to breakage and the ratio between the area damaged by the winds and the total planted area was -0.839, showing the efficiency of the methodology adopted and that high breaking strength results in a smaller area affected by wind damage. Trees with a high basic density, cell wall fraction, modulus of elasticity of the middle lamella and fibers, fiber hardness, modulus of rupture, growth stress and low microfibril angle and height and width of the rays showed greater resistance to wind damage. Therefore, the selection of clones with these features may reduce the incidence of damage by winds in Eucalyptus plantations.
Introduction
The forestry segment is important for Brazilian economy (IBÁ, 2014) . Eucalyptus wood is the main raw material in this industry and can be used to produce pulp, energy, panels, and lumber. In Brazil, the planted forests of Eucalyptus produce an average of 39 m 3 ha -1 year -1 in a cutting cycle of seven years (IBÁ, 2015) . These results are due to climate conditions and investment in research. Despite the favorable outlook, environmental factors, such as wind damages, can limit or restrict the Eucalyptus wood production (Braz et al., 2014; Boschetti et al., 2015) .
Wind is a phenomenon that causes disturbances in natural and planted forests, with damage recorded since 1940 (Mitchell, 2013) and reports worldwide (Allen et al., 2012; Mitchell, 2013; Moore et al., 2013) . In Brazil, the damage caused by wind in the forest plantations of Eucalyptus spp. occurs mainly between Pesq. agropec. bras., Brasília, v.52, n.11, p.969-976, nov. 2017 DOI: 10.1590/S0100-204X2017001100002 24 and 36 months after planting, and depending on the material, this damage can exceed 20% of the planted area (Braz et al., 2014; Boschetti et al., 2015) . The lack of alternatives for this material leads to its use for energy (Guerra et al., 2014) .
The winds can bend or break the trees (Mitchell, 2013) . In the first case, bending results in the loss of apical dominance (Panshin & Zeew, 1980) , reducing wood production. In the second case, breaking trees affects the entire supply chain, as harvesting trees with smaller diameters reduces the efficiency of this operation and increases costs (Spinelli et al., 2009) ; in addition, a new cultivation has to be prepared. The trees broken by wind need to be removed from planted forests, thus, it is possible to get this wood for low price, allowing their use in the production of small objects (Vieira et al., 2010) and in the furniture industry (Lopes et al., 2011) .
The objective of this work was to test a new methodology for assessing the resistance of trees to breakage, and to evaluate the properties of Eucalyptus wood, relating them to tree resistance to wind damage, and assisting in management of eucalyptus wind damage.
Materials and Methods
Seven two-year-old Eucalyptus grandis × Eucalyptus urophylla clones from municipality of Belo Oriente (42º22'30"S, 19º15'00"W), state of Minas Gerais, Brazil, were selected in February 2014. This region and this Eucalyptus age were chosen because they have a high incidence of wind damage.
Four trees per clone were cut and two discs were removed at 1.3 meter height to evaluate the anatomy, basic density and ultrastructure of the wood, and a three-meter log was removed above these discs for characterization of the wood's mechanical properties. Resistance to breakage and growth stress in trees was conducted in four other trees, per clone. The selected trees had height and diameter evaluated at the height of 1.3-meter, and grew under the same weather conditions and soil. The data of the area broken by the wind and the total planted area were catalogued for each clone (Table 1) .
A rope was tied at 85% of the total height of the tree to evaluate the force required to break the tree in the field. A pulley was attached in a rope between two nearby trees, 12 meters away from each other. The rope tied in the tree to be tested passed through this pulley, forming an angle of approximately 45°. Another pulley was coupled with a dynamometer to measure the force necessary to break the tree. At the end of the rope, a motor was used to pull the tree, according to Braz et al. (2014) (Figure 1) .
The force to break the tree and the ratio between the damaged area and the total planted area, per clone, was analyzed by the Pearson correlation coefficient, to assess the quality of the tree resistance test.
The wood basic density was determined as the ratio between the wood dry mass and the wood green volume in one of the 5 cm discs removed from the tree, at 1.3 meter height, according to standard NBR 11941 (ABNT, 2003) .
For anatomical characterization, the sample was obtained from the intermediate position, from pith to bark, from one of the 5 cm discs removed 1.3 meter above the ground level, for anatomical characterization. Histological sections were made and the macerated material was prepared. The microscopic description of the wood was done according to the International Association of Wood Anatomists -IAWA (Wheeler, 1989) . The fiber cell wall thickness was obtained by the difference between the width of the fiber and the lumen diameter, divided by two. The cell wall fraction was calculated according to the following equation (Wheeler, 1989) : CWF = [(2CWT)/FW]×100, in which: CWT, cell wall thickness (µm); FW, fiber width (µm); CWF, cell wall fraction (%).
The microfibril angle (MFA) of the S2 layer was determined in the sample used for anatomical characterization. After saturation, the blocks were cut into 10 µm thick sections with a microtome, in the tangential plane, and were macerated with hydrogen peroxide solution and glacial acetic acid in a 2:1 ratio at 55°C for 24 hours (Leney, 1981) . Next, the fibers were washed in distilled water and temporary slides were prepared to measure the microfibril angle.
The measurement of microfibril angle was performed by polarized light microscopy (Leney, 1981) , using an Olympus BX 51 microscope (Olympus Corporation, Shinjuku, Tokyo, Japan) adapted with a rotary stage, graduated from 0° to 360°, connected to the image analysis program, Image Pro-plus (Media Cybernetics Inc., Rockville, MD, USA). The microfibrillar angle was measured in 30 fibers per sample. The ratio between the basic density and the microfibril angle was calculated according to Hein et al. (2013 For a nanoindentation, the sample was removed from the opposite position to that used for anatomical characterization. A 3×3×3 mm specimen was made from this sample and embedded in epoxy resin solution to determine the modulus of elasticity and hardness of the S2 layer of the fiber and the middle lamella. The nanoindentation was performed using the TriboIndenter Hysitron TI-900®. The maximum applied load was 100 μN for 60 seconds, with discharge performed in 20 μN s -1 (Muñoz et al., 2012) . The elastic modulus was determined according to the equation:
in which: MOE, modulus of elasticity (GPa); and according to instructions from the device manufacturer, vi, 0.07; vm, 0.35; and Ei, 1,140 GPa. The reduced modulus (Er) was obtained from the load-displacement curve from the initial slope of the unloading wherein the elastic response was generated (Muñoz et al., 2012) . The hardness (H) was determined by the maximum load supported by the specimen divided by the contact area (Muñoz et al., 2012) , according to the equation: H = Pmax/A in which: Pmax, maximum load of indenter penetration; A, projected contact areas at maximum load.
A central plank was removed from the three-meter log removed above 1.3 meter height. With a saw , 1997) .
The growth stress was evaluated in the standing trees. The longitudinal displacement (LD) was obtained with the CIRAD's sensor. This method consisted of installing two nails, separated by 45 mm, in the longitudinal direction of the debarked wood (Dassot et al., 2015) . Theses nails were connected to a sensor, to record the longitudinal displacement, and a hole was made between these two nails. The longitudinal displacement was recorded and the growth stresses calculated according to Trugilho et al. (2002) , using the equation: GS = (LD × MOE)/45, where: GS, growth stresses; LD, in mm; and MOE, in MPa.
The variance homogeneity analysis (Bartlett's test at 5% probability) and normality test were performed (Shapiro-Wilk test at 5% probability). The means of the treatments were compared with the Scott-Knott test at 5% probability. The Pearson correlation coefficient between the wood properties and the ratio between the damaged and the total area planted, per clone, was generated to assess the characteristics that best related to clone resistance to wind damage.
Results and Discussion
The area of wind damage per clone varied between 0.1 and 15.1% of the total planted area, and the force required to break the trees varied between 16.2 and 45.6 kgf (Figure 2 ). Clones B, C, and D had a smaller area affected by winds and a higher force required to break its trees, resulting in a correlation coefficient between these variables of -0.839. This value shows that the higher force needed to break the trees results in lower damage area and this technique can be used to evaluate the Eucalyptus clones resistance to wind damage. Braz et al. (2014) reported values between 39.76 and 196.36 kgf to break three-years-old Eucalyptus trees, whose diameter at 1.3 m height varied between 10.82 and 13.34 cm. This difference occurred due to the age of the trees, because the older ones had larger diameter and greater resistance to breaking.
There was no relationship between the diameter at 1.3 meter height and the area damaged by wind. Trees with larger diameter have greater resistance to this type of phenomenon; however, due to the little variation between the diameters of the evaluated clones, this conclusion does not apply to this work.
There was a relationship between wind damage and: the basic density, microfibril angle, and the ratio between these two parameters (Table 2 ). Higher basic density resulted in higher wood material per unit volume and greater resistance to breakage (Niklas & Figure 2 . Relationship between the force needed to break the trees and the ratio between damaged area by the winds and total planted area, evaluated in seven two-year-old Eucalyptus grandis × Eucalyptus urophylla clones from municipality of Belo Oriente, state of Minas Gerais, Brazil. (1) Means followed by same letter in the column do not differ by the Scott-Knott test at 5% probability.
(2) Bd/Ma, ratio between basic density and microfibril angle. Spatz, 2012). In addition, a smaller microfibril angle provided a better arrangement of cellulose chains and, therefore, a higher mechanical resistance (Donaldson, 2008) . These two features can be summarized in one, as the ratio between the basic density and microfibril angle (Hein et al., 2013) , a parameter that showed a better relationship with resistance to winds. Trees with high basic gravity and low microfibril angle showed greater resistance and, therefore, should be recommended for areas with high incidence of wind damage. The basic density/MFA ratio has the best relationship with the area damaged by the wind, but, for practical purposes, it is possible to use only the basic density to evaluate the resistance of clones to wind, because its determination is quicker and easier than the MFA (Hein et al., 2013) .
A high basic density hampers wood processing (Moura et al., 2011) and impregnation of white liquor during the cellulosic pulp manufacturing process, reducing the yield and increasing the rejects (Severo et al., 2013) . In general, this parameter increases with age (Wassenberg et al., 2015) , so, besides the resistance to wind, the end use of wood should also be considered when selecting clones for areas with a high incidence of wind damage.
All the evaluated anatomical parameters varied between the clones (Table 3) . Among the fiber classification parameters, the lumen diameter, cell wall thickness, and cell wall fraction had the highest coefficient of variation. In the evaluation of the histological sections, the highest values of the coefficient of variation were found for the height and width of the rays, demonstrating the anatomical constituents with higher variation in wood. For the nanoindentation tests, the fibers showed higher values for modulus of elasticity, while the middle lamella had higher hardness values (Table 3 ). The same tendency was found for the anatomical characteristics in Eucalyptus ssp. (Longui et al., 2014) and nanoindentation tests in Ricinus communis (Li et al., 2014) . (1) Means followed by the same letter in the column do not differ by the Scott-Knott test at 5% probability.
(2) CL, Eucalyptus grandis × Eucalyptus urophylla clone.
(3) FL, fiber length; (4) FW, fiber width. Materials with a lower lumen diameter and higher cell wall thickness corresponded to clones that had smaller damaged area by winds. The fibers have structural function in hardwoods and their morphology influenced the mechanical properties of wood (Slater & Ennos, 2013) . The lumen diameter and cell wall thickness had a different influence on the mechanical properties of wood. These two parameters can be related to one variable, the cell wall fraction, an anatomical variable that had the best relationship with the area damaged by winds, having a Pearson's correlation coefficient of -0.783.
The vessels conduct water in plants and do not have a structural function. This explains the lack of relationship between this structure and wind damage. The ray cells have thin walls, resulting in low mechanical resistance (Panshin & Zeew, 1980; Longui et al., 2014) , and for this reason, they offer little resistance to wind. This was evidenced by the Pearson correlation coefficient between the height and width of the rays, of 0.572 and 0.587, respectively, and the area damaged by winds.
Thus, among the anatomical characteristics of the wood, the cell wall fraction showed a better relationship with the resistance of trees to winds and should be considered when selecting clones for areas with high incidence of wind damage.
Higher cell wall fraction and lower microfibril angle resulted in a higher modulus of elasticity of the fiber (Gindl et al., 2004; , which increased its resistance to winds. A smaller microfibril angle resulted in a better arrangement of these structures (Hein et al., 2013) , which increased the fiber resistance per unit area, and thus, its hardness (Li et al., 2014) . The middle lamella connects the adjacent cells (Panshin & Zeew 1980) , being important in the tree structure; thus, there was a relationship between the modulus of elasticity of this structure and the resistance to wind damage. Finally, there was no relationship between the hardness of the middle lamella and the resistance to winds.
The mechanical properties of wood and the growth stress of trees showed a relationship with the area of wind damage (Table 4 ). The modulus of rupture showed a better relationship with the area damaged by the winds per clone, followed by the modulus of elasticity and compression parallel to grain, respectively. The modulus of rupture showed a relationship with the cell wall fraction and basic density (Longui et al., 2014; Dixon et al., 2015) , parameters that also showed high correlation with the area damaged by the winds per clone. This showed how wind resistance was the result of a set of wood characteristics.
The Pearson correlation coefficient between the growth stress and the area damaged by winds was -0.625. Growth stresses result from the internal forces that keep the trees standing (Jullien et al., 2013) , being important in areas with wind damage. However, a high growth stress increases the incidence of defects such as cracks and warping, reducing the wood value (Chauhan & Walker, 2011) . Thus, plants with high growth stress are suitable for being planted in areas with high wind damage, but this may compromise wood use for sawmill.
The fact that the clones B, C, and D had the smallest area damaged by winds is due to the greater cell wall (1) Means followed by the same letter in the columns do not differ by the Scott-Knott test at 5% probability (2) r, Pearson correlation coefficient between the variable and the ratio between wind damaged area and the total area planted. Values between parentheses represent the coefficient of variation.
Pesq. agropec. bras., Brasília, v.52, n.11, p.969-976, nov. 2017 DOI: 10.1590/S0100-204X2017001100002 fraction of these materials (Table 2) . This results in the higher basic density and better mechanical properties of fiber (Vincent et al., 2014) and wood (Slater & Ennos, 2013 ) and, with a smaller microfibril angle, improves the resistance of wood to breakage and tree resistance to wind. On account of these characteristics, these materials are more suited for areas with a high incidence of wind damage.
Conclusions
1. The methodology used is adequate to evaluate the resistance of Eucalyptus clones to winds, with the clones B, C, and D showing lower damaged area and requiring higher force to break its trees.
2. Higher basic density, cell wall fraction, modulus of elasticity of the middle lamella and fibers, fiber hardness, modulus of rupture, growth stress, and lower microfibril angle and height and width of the rays make trees more resistant to breakage, and therefore, are suitable for areas with a high incidence of wind damage.
